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The effect of temperature on Young’s modulus of elasticity was
determined for 2(324-v and 7075-T6 aluminum alloys, AZ31A-CJmagnesiw
alloy, RS-120 titanium alloy, and type 303 stainless steel by fkxural
vibration tests of beam specimens at temperatures from room temperature
to 900° F. The test frequencies were varied from 40 to ~~ cycles per

● second. The results sre compared with values of Iuoduliobtained from
conventional stress-strain tests. The data show that the dynamic modulus
decreases with temperature but does not decrease as rapidly as the static.
modulus. It is shown that the difference between the static modulus and
dynamic modulus is due to internal friction and cannot be attributed to
creep.

INTRODUCTION

The effect of temperature on the properties of aircraft structural
materials has become increasingly important in aircraft design. A prop-
erty which is temperature dependent is Young’s modulus of elasticity.
The decrease in modulus with increasing temperature, as indicated by
conventional stress-strain tests, is well established. As has been
noted by previous investigators (for exsmple, refs. 1 and 2), values of
modulus determined by dynsmic testing techniques also decrease with tem-
perature but do not show so great a decrease as those indicated by
stress-strain tests.

The purpose of the present investigation was to determine values
of dynsmic modulus at elevated temperatures for some aircraft structural
materials by means of flexural beam vibration tests. Although dyTlSldC-

modulus values have been obtained by previous investigators for nmnerous
materials, the frequencies employed in the tests generally ranged upward
from about 900 cycles per second, well above those usually encountered

h in aircraft structural vibrations. Inasmuch as Young’s modulus is of
importsmce in aeroelastic analyses, it was thought advisable to obtain

.
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m

Information at frequencies more representative of aircraft vibrations.
In the present investigation the beams were proportioned so that the
frequencies of the tests were considerably closer to the usual airframe

b

frequencies. The tests were conducted over a range of frequencies by
resonant vibration of several natural modes.

Specimens of 2024-T3 and 7075-T6 aluminum alloys, AZ31A-O magnesium
alloy, RS-120 titanium alloy, and type 303 stainless steel were tested
at temperatures ranging from room temperature to 900° F. The results
of these tests sre compared with moduli determined fran conventional
tensile and compressive stress-strain tests and with previously obtained
dynsmic moduli. The data are analyzed in detail in an effort to identify
the source of the discrepancy between static and dynamic moduli. In
addition, the question of which value of modulus is appropriate for
vibratioh and flutter analyses is discussed.
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SYMBOLS

area of beam cross section, sq in.

Young’s modulus of elasticity, psi

room-temperature

frequency of ith

acceleration due

value of modulus, psi

mode of vibration, cycles/see

to gravity, in./sec2

besm

beam

frequency function

length, In.

temperature, OF

temperature difference, OF

coefficient of thermal expansion,
(in~~~OF)

specific weight, lb/cu in.

cross-sectional moment of inertia, in.4

—
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TEST PROCEDURE

Test Specimens and Inst?nnnentation

The test specimens were besms of rectangular cross section. The
2024-T3 and 7075-T6 alminum-alloy and AZ31A-O magnesium-alloy besms
were machined from 3/8-inch-thick @ate material and were 1* inches wide

and 36 inches long. The type 303 stainless-steel and RS-120 titanium-
alloy besms were taken from l/4-inch-thick plate and were 1 inch wide
and 30 inches long. The longitudinal axes of the beams were parallel
to the rolling direction of the material.

The besms were instrumented with two Nichrome foil strain gages for
detecting the vibratory motion of the besm and three thermocouples for
measuring specimen temperature. The thermocouples were placed symmet-
rically about the center of
so as to be near the points
vibration. The location of

the besm. The strain gages were positioned
of maximum strain for the higher modes of
the instrumentation is shown in figure 1.

Meth&l of Test

Two be- specimens (designated A and B) of each material were
tested. The beams were suspended in an oven by two lightwei~t flexible
wires at points 0.162 frcm each end. Suspension at these points appeared
to have the least overall effect on all the modes tested. The specimens
were heated uniformly by raising the oven temperature to the destied
level. A beam was considered to be at test temperature when the three
thermocouples on the besm indicated a stable temperature condition and
the temperatures agreed within 5° F.

The besms were vibrated in the horizontal direction about the small-
est inertial axis by means of pulsating air jets which impinged alter-
nately on opposite sides of the besms near one end. The cooling effect
of the Jets was found to be negligible during the short time required
to establish resonance. The response of the beam was indicatedby the
output of the two foil gages which were connected to adjacent arms of
a Wheatstone bridge circuit. The resonant frequency was taken as the
frequency at which maxhmn strain smplitude was detected. Calculations
indicate that outer-fiber strains were less than 30 ~in./in.

At each temperature level, the frequencies of the first four natural
modes of the besm were determined. The temperature was then increased
to the next higher value and the frequencies were again measured. The
time required to cmplete one test over the entire temperature range
(@o to 900° F) was about 6 hours.
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Inasmuch as none of the tests were repeated on the same spectien,
it is difficult to make an accurate evaluation of the accuracy of the
data.

b
At the higher temperatures, the sensitivity of the foil strain

gages decreased markedly and a high simplificationof the strain signal
Also, in some cases, the electrical insulating qualities

n--
was necessary.
of the bonding agent used to bond the gages to the beam appeared to
deteriorate with increasing temperature. The combination of these two
effects made the strain smplitude signal indistinct and, consequently,
the measured frequencies may have been as much as 2 percent off reso-
nance. By consideration of the accuracy of the equipment and the con-
sistency of the data it is concluded that, over most of the frequency
range, the measured frequencies were within 1 percent of the resonant
frequencies. Some tests were terminated before the gOOo F temperature
level was reached because of strain-gage failures.

RESULTS AND DISCUSSION

Calculation of Dynsmic Modulus

The dynsmic modulus was calculated frti the measured frequencies
“

by use of the following equation, which was derived from the frequency
equation of a free-free besm:

41t2247Afi2
E =

Ai21g(l+ a~)

—

where fi is the frequency of the ith mode of vibration and Xi is the

eigenvalue appropriate for the ith mode of a free-free besm.
—

Values of
1, I, y, and A were determined from the measurements of each beam.
The beam frequency functions xi, which are given h table 1, were deter-

.-

mined from the freqhency equation given in.reference 3 and include the
effects of transverse shear and rotary inertia. The term 1 + a AT,
where a is the coefficient of thermal expansion and ~ is the differ-
ence between test temperature and roointemperature, corrects for changes

—

in beam dimensions caused by-thermal expansion. The value of a appro-
priate at a given temperature was obtained from reference k. —

The measured frequency values for each of the first four modes of
vibration and the corresponding calculated,valuep of the modtius me ._
given in table 2. Where no values are listed in the table, resotince
could not be established because of instrumentation difficulties, as
noted in the previous section. ●

.
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Discussion of Results

The values of modulus indicated for each of the four modes at each
temperature level have been averaged for comparison with modulus values
obtained fran stress-strain tests. The averaged values are given in
table 2. The ratio of modulus at test temperatures to that obtained at
room tmperatwre is shown in figure 2 as a function of temperature.
Data also have been shown for values obtained in stress-strain tests
and from dynsmic tests performed by other investigators. In figure 3
the actual modulus values obtained in this investigation are shown for
several of the materials and again are ccmpared with static and other
dynamic Vd_LleS.

Figures 2 smd 3 show that the dynamic-modulus values obtained in
these tests decrease with increasing temperature and agree fairly well
with those given in references 2 and 5. There is a significant differ-
ence, however, between the dynamic and the static values. The static
tests show a greater decrease in modulus than do the dynsmic tests.

Creep effects.- It is conceivable that the decrease in modulus with
temperature indicated by stress-strain tests could be due to creep
effects resulting from the combined influence of load and temperature.
In order to determine an upper limit on the creep strain that might be
involved in a stress-strain test, the assumption was made that a speci-
men was loaded to a certain stress level instantaneously and then was
allowed to creep in the manner indicated by the primary portion of a
creep curve for the length of time that would be required to reach the
same stress level during a stress-strain test at a ncminal strain rate
of 0.(!02 per minute. The creep strain determined in this manner is
certainly greater than the creep strain that would result from the con-
ventional stress-strain test wherein the load increases steadily. Cal-
culations made for 7075-T6 alwinum alloy at W“ F in the manner just
described yielded values of creep strains which were scarcely percepti-
ble at stresses less than one-half the proportional limit stress.

It is apparent, therefore, that creep cannot account for the differ-
ence between the static and dynamic moduli. A better possibility is the
effect of various internal-friction mechanisms on the moduli. The
sources of internal friction and their influence on modulus measurements
are discussed h-reference 6. From that discussion it is deduced that
the mechanisms of primary concern in these tests are anelastic effects
and static hysteresis. The manner in which these effects influence the
modulus is discussed briefly.

—

Anelastic effects.- Anelasticity (the dependence of stress on time
. as well as strain in the nonplastic, noncreep range) can arise from

.
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several sources which are discussed in references 7 to 9. The one which
appears to he involved for the frequencies and temperatures considered
herein is the stress relaxation In the disordered boundaries between
grains. This relaxation of stress requires a finite time to occur. If
loads are applied very rapidly, there is not sufficient time for relaxa-
tion to occur. On the other hand, if loads are applied very slowly, as
is the case in a conventional stress-strain test, there is sufficient
time for relaxation to occur and the obsened strains are krger than
for a dynsmic loading. At very low frequencies there is one ratio of
stress to strain (relaxed modulus) and at high frequencies there is
another ratio (unrelaxedmodulus). Obviouslyj over some intermediate
frequency range, transition from relaxed to unrelaxed modulus takes
place. The ratio of unrelaxed to relaxed modulus increases and the
frequency range in which transition takes place becomes higher with
increasing temperature. The difference between the relaxed and unrelaxed
moduli can be large. Calculations by Zener, which are supported by
tests by K:, indicate that for pure aluminum at 400° F the relsxed mod-
ulus is only about 68 percent of the unrelaxed modulus (ref. 7, p. 157).

A close inspection of the data given in table 2 shows that the
values of modulus indicated by each of the four modes agree very well up
to a certain temperature. Above this temperature (which varies depending
on material) the aluminum and magnesium alloys show a slight but definite
upward trend in modulus with increasing frequency. This trend becomes
more pronounced as the temperature is increased further. The modulus
becomes frequency dependent (over the frequency range of these tests) at
about 500° F for the aluminum alloys and at about 300° F for the magne-
sium alloy. The moduli of the stainless-steel and titanium-alloy besms
do not show any frequency dependence over the temperature and the fre-
quency ranges of these tests. The appearance of a frequency-dependent
modulus tends to show that the discrepancy between static and dynamic
moduli is psrtly due to anelastic effects.

●

.

Static hysteresis.- Static hysteresis, as discussed in reference 6
(pp. 22 to 25), is a phenomenon separate from inelasticity. Hysteresis
may arise in nonviscous materials for which there is a definite value
of strain associated with each value of increasing stress and a differ-
ent, but definite, value of strain for each value of decreasing stress.
If the value of strain corresponding to a particular value of stress is
attained instantaneously,the hysteresis loop will be independent of
the rate of traverse. As indicated in reference 6, static hysteresis
can occur at very low strain amplitudes. These effects are, however,
quite small compared with anelastic effects and, therefore, may be con-
sidered negligible with respect to the accuracy of the data obtained in
the present investigation.
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Application of Results to Aircraft Analyses

From the results obtained in the present tests, it appears that
there is sufficient difference between the static- and dynamic-modulus
values to warrant some consideration as to which modulus applies in a
particular design. When applied loads vary slowly, the static m~tius
is the obvious choice. In the case of dynamic loadings, such as flut-
ter, cognizance must be taken of the frequency of the loading. For
frequencies within the range of these tests and higher, the dynsmic
modulus would probably be the more suitable. If the frequencies sre
lower, as is often the case for full-scale aircraft, the frequency
dependence of the modulus may become important, but flutter calcula-
tions based on the static modulus probably would be coriservativeinas-
much as calculated flutter speeds would be lower.

CONCLUDING REMARKS

The change in Young’s modulus of elasticity with temperature was
determined for 2024-~ and 7075-T6 alminum alloys, AZ31A-O magnesi~
allq, RS-120 titanium alloy, and type 303 stainless steel by flexural
vibration tests of besm specimens. The test results indicate a general
reduction in modulus with increasing temperature for the materials
tested. This decrease was substantially less than that given by con-
ventional stress-strain tests.

An analysis of the results show that the difference between the
dynamic and the static moduli is due to several internal-friction mecha-
nisms, of which smelastic effects appear to be predominant, and cannot
be attributed to the influence of creep on static stress-strain
measurements.

Langley Aeronautical Laboratory,
National Advisory Ccmmittee for Aeronautics,

Langley Field, Vs., June 5, 1958. ‘
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TABLE l.- VALUES OF FREQUENCY FUNCTION xi FOR

A FREE-FREE BEAM, INCLUDING EFFECTS Cll?

SHEAR AND RCMMRY 3NERTIA

1

2

3

4[

22.3643

61.6006

120.6300

199.lgg8

22.3677

61.6260

=0.7286

lgg .3900

,

.

.
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TABIx 2.- MEMURHI FREQUENCIES AND CALCWIAIXDMOIWL1 FOR lMCH OF FOUR MODES TESTED

(a) 2024-~ alwninum aldoy

Fkequency, cps, of mode - Modul.u9, psi, from nmde - Average

r, OF “ DICdUhlB,

1 2 3 4 1 2 3 4 pBi

Specimen A

m
2(M

&

610

730
850

60.32 166.44 325.38 %1. 08
59.32 163.85 320.24 ------
58.14 160.40 313.83 ------
57.10 157.55 308.m 510.yl
55.16 152.63 299.66 494.45
53.28 147.85 289.96 4&).66
51.14 141.34 277.18 462.14

105
205
350

%
m
@o

10.65 x 106
10.28
9.87
;.g

8;23
7.58 I

10.68 x Id u.65 x 106
10.33 10.30

9.89 9.87
g.$ 9.54

8.96
8:33 8.38
7.62 7.63

Specimen B

60.19 165.67 323.$X5533.32 10.62 x lof
59.32 163.68 319.32 526.28 10.30
58.14 159.66 312.93 315.75 9.88

56.45 156.01 305.08 ~.52 9.29
%.24 150.35 294.68 487.08 8.55
51.85 144.31 283.17468.05 7.&
W.29 14-0.28276.86 456.83 7.34

.O.a x lof

.0.32
9.81

9.35
8.66

7.96
7.52

.0.57x 106

.0.25
9.83
9.32
8.68
8.00
7.63

I
10.80 x 106 10,70 x lof
-----------10.30
----------- 9.88

9.57 9.53
8,95 8.92
8.4Y 8.35

7.79 7.65

10.51 xlo~
10.21

9.79
;.;;

8:01
7.62

.0.58x 106

.0.27
9.83
9.31
8.65

7.94
7.53

g
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TABLE 2.- MEMURED FREQUENCIES MD CALCULATED MWOLI FOR EACH CF FCUR MODES TESTEO - Continued

(b) 7075-T6 alwninm alloy

Frequency, CP8, of mode - MXhilua, psi, from @e -

‘, %

1 2
I 3 I 4 1 2 I 3 4

Average

Rlodl.llus,
psi

Spechen A

87 60.85 167.60 328.57 *.96 1o.55 x 106
205 59.96 ti~.00 322.66 534.25 10.22
300 59.02 162.50 318.03 526.59 9.89
435 57.47 ------ 310.95 513.97 9.37
315 56.27 135.29 305.43 503.68 8.97
61o 9.37 150.35 296.22 49.04 8.36

----- 145.73 286.71 475.68 -----------
~ .50.3514.0.12,277.~ 457.89 7.15

135.86 268.21 446.% -----------
R i;;;; 132.72 262.38 433.94 6.36

Spe

I I I

go 60.92 167.59 329.06
195 59,98 M54.72 323.03
300 Y8.54 162.n 317.66
400 ----- 159.38 313.11
500 56.35 @ .01 305.$x5
6(M 9.97 151.13 297.42
700 52.55 146.75 287.621

542.02
>35.79
523.55
516.m
*.@
493.88
476.51

10.57 x 106
10.24

9.73

10.9 x 106
10.20
9.88
------------

9.00
8.43
7.91
7.29
“6.85
6.54

:imenB

10.59 x 106
10.17
9.91

9.50
:.;;

8;02

1o.57 x lot
10.18

;:2
9.o8
8.53
7.98

2:$
6.65

10.60 X IOG
10. !21

;:$
;.:

8:03

LO.79X loc
LO.23

9.93
9.43
9.06
8.60
8.o5
7.45

%$

1o.56 x 106
1o.21

9.89
9.41
9.03
8.48
7.98
7.34
6.96
6.56

T
.0.55x 106 10.58 x 106
.0.30 10.23
9.81 9.@
9.52 9.53
9.18 9.0!3
8.70 8.59
8.08 7.98

9 .
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TAmiE 2.- MEMURXD FREQUENCJX3 AND CALCULATED MOIXJLI FOR EACH OF FOUR MODES Tl?BTED - Continued

(c) Az31A-o ?lmgn?siumalloy

Rrequency, cpfi, of mode - Modulus, psi, from mode -
!, %

Average
mmiulus,

1 2 3 4 1 2 3 4 pai

E@echen A

f%
215
300
407
500
600
710
810
910

100

2CCJ

300
400

%
72-0
820

905

57.07 157.64 308.09 509.83
56.= 154.67 302.79 501.07
55.27 1.52.65298.97 494.74
53.65 148.97 291.97 485.L?
51.55 l&.23 285.96 471.04
49.37 139.39 277.18 457*10
--.-” 132.72 261.78 434.%
45.46 127.46 235.65 414.11
43.65 121.35 zY12.98 ------

57.17 157.74 308.44 510.41
56.23 155.29 303.67 502.23
55.45 152.98 299.49 495.03
53.90 149.92 294:34 487.o8
51.64 IA-4.64287.79 476.78
49.88 138.83 ------ ------
47.30 134.10 262.53 ------
46.17 u28.57 254.18 ------
44.42 1.23.47244.11 405.%2

6.32 x 106
6.10

f::

4:69
----------
3.96
3.65

6.36 x 106
6.11

5.94
5.65
5.29
4.93
4.46
4.11
3.72

Specimen B

6.36 x 106
6.15

5.95
3.62
5.16
4.80
4.31
4.10
3.79

6.38 x 106
6.18
5.98
5.74
5.34
4.90
4.56
4.19
3.%

6.34 X 106
6.u

5.95
5.66
5.42
5.09
4.52
4.31
3.81

6.37 X 106
6.16

5.99
5.77
5.50
-“”-------

4.$
4.27
3.93

6.36 x m6
6.14

5.97
5.73
5.41
5.07
4.58
4.15
----------

6.39 X 106

6.18
6.00

5.79
5.54
“---------
----------
----------

3.99

6.34 X 106
6.11
5.94
5.65
5.31
4.94
4.52
4.13
3.73

6.38 x 106
6.17
5.98

5.73
5.39
4.85
4.47
4.19
3.90
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TABLE 2.- MEMuRED FREQUENCIES AND CALCULATED MOMJLI FOR EACH (IFFOUR MODES TESTED - Continued

#-. —— ---- .
\dJ FS-I.20 titanium alloy

Frequency, cps, of mode - Mxlulus, psi, from mile -

!, * ‘

Average

modulus,

1 2 3 4 1 2 3 k psi

@ecimen A

&l 51.94 143.40 281.2.1.465.09 16.I3 X 106 ;;.~ x 106 16.21 x I_0616.26 x 106 ti.lg x 106
210 50.84 1.40.28275.59 455.52 17.42 15.55 15.58 15.50
310 49.85 137.71 270.$ 447.69 14.82 14:89 14.98 1~.04 14.93
405 49.08 135.y) 265.74 440.CQ 14.36 14.42 14.45 14.33 14.44
5do 48.18 133.10 261.63 432.69 13.83
@o” 47*44 130.81 256.83 425.~ 13.40

13.90 14.00 14.04 13.94
13.42 13.48 13.56 13*46

specimen B

83 %?.@ 145.23 284.14 4p .31 16.13 X 106 16.06 X lg 16.02 x 106 16.16 x 106 16.09 x 106
210 51.85 142.90 279.59 462.41 15.53 15.55 15.49 15.54 15.53
300 51.02 140.48 275.= 454.47 15.03 15.00 14.99 15,00 15.00
400 50.12 138.1J-270.38 447.17 14.50 14.5a 14.48 14.53 14.50
4&1 49.31 135.58 266.81 441.78 14.03 13.56 14.09 14.17 14.06
600 48.41 133.33 261.63 432.69 13.51 13.50 13.54 13.57 13.53
700 47.44 130.59 256.o9 423.79 12m97 I-2.95 12.97 13.01 12.98
800 46.49 127.60 250.&? 414.83 U2.45 12.35 I-2.44 12.47 12.43
@’j 45.45 3.25.63245.24 405.82 1.1.88 11.$ 11.87 11.92 11.91

. , , r
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TABLE 2.- MEAEURED FREQUENCIES AND cAKm&133 IIlKXI.lLIFOR EACH (W FCWR MODES TESTED - Concluded

(e) Type 303 stainless steel

Frequency, eps, of mode .

?, ?F

Modulus, psi, from mode - Average

modulus ,

1 2 3 4 1 2 3 4 psl

8pechen A

80 61.27 168.76 330.20 545.16 28.64 X lo6 :;.$ x l(f :;.$ % lo~ y; x 106 :$”~; )(1($
200 60.32 166.34 325.@+ 537.03 27.73
300 59.60 164.43 322.10 531,48 27.04 27:12

395 58.98 162.% 317.85 525.07 2%.46
27:u 27:07 27:09

26.48 26.39
m 58.20 Jh40 314.38 518.44 25.75

26.39 26.43

600
25.76 25.78 25p 25.75

----- 158.37 309.34 51L30 -----------25.10
700

24.94 24.9 25.01
----- :;;.g 306.14 503.97 -----------24.35

805
24.40 24.24 24.33

----- . --”-.- ------ -----------23.55 ----------- -----------23.33

2pecben B

~ 61.47 169.o6 330.77 54.6.4228.83 x 1.6 28.73 x 106 28.66 ~ 1.6 28.67 x 106 28.72 ~ Im6
210 60.36 166.44 325.84 539.52 27.77 27.& 27.78 27.92 27.82
400 59.02 162.45 317.48 524.76 26.yl 26.45 26.53 26.36 26.41

500 58.24 160.40 3JJ+.02 318.44 25.78 25.76 25.73 25.71 25.74
600 57.44 158.28 309.87 511.60 25.05 25.07 25,03 25.02 25.04
700 $.64 156.28 ------ ------ 24.33

m

24.41 ----------- -----------24.37
----- 153.87 303.67 ------ -----------23.64 23.99 -----------23.81
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